Abstract-Due to the versatile functions and the potential ability of monolithic integration, semiconductor ring laser (SRL) has received increasing attention recently in the application of all-optical logic unit. In this paper, InP/AlGaInAs multiple quantum well (MQW) ring lasers with different cavity structures were designed and fabricated using the optimized process parameters. The measurement results shown that the fabricated microring lasers have a wide bistability operation regime, and are suitable for the all-optical logic gate and the optical random storage memory. Based on the optical bistability and the injection locking of ring laser, Boolean function AB  was demonstrated by using one of the monolithic integrated ring lasers, and an alloptical XOR gate can be obtained by two completely symmetrical SRLs integrated on one chip.
INTRODUCTION
With the rapid development of optical fiber transmission technology, ultra high-speed signal processing capacity at the switching nodes in optical communication systems is required [1] . Unfortunately, due to the speed limitation of electronic devices, the conventional electro-optical conversion and ultra-fast electronics scheme has been accepted more and more challenges. To realize the next generation ultra high-speed communication networks, a potential solution is to substitute the electronic devices with all-optical switching and signal processing units. Compared to the conventional electro-optical conversion scheme, the all-optical solution has the advantages of high-speed and low power consumption.
To make the all-optical network come true, it is necessary that entire components used in the optical networks should be all-optical elements. All-optical logic gate as an essential element is indispensable to construct the future all-optical networks. Up to now, various alloptical gates have been proposed and implemented based on different methods and elements. Initially, all-optical logic gates based on semiconductor optical amplifier (SOA) properties were reported [2] [3] [4] . However, due to the limitation of power consumption, operation speed and structure size, SOA has being substituted gradually by the novel device and concept. Recently, all-optical reconfigurable AND, NOR, and XOR gates for nonreturnto-zero (NRZ) format signal are realized in the highly nonlinear fiber (HNLF) [5] and the nonlinear optical loop mirror (NOLM) [6] . And all-optical logic gates have been also demonstrated by means of the photonic crystal [7] and microring resonators [8] . Presently, semiconductor ring laser (SRL) has attracted more and more attention because of its compact device structure, versatile functions, and compatibility. Up to now, SRL has been used for tunable laser [9] , wavelength-routing switch [10] , wavelength converter [11] , and optical memory [12] . Due to the robust optical bistability [13] and injection locking effect [14] , the potential ability of SRL for all-optical logic gates has been experimentally verified [15] . More recently, a novel monolithic all-optical toggle flip-flop (TFF) with two complementary output was demonstrated based on the intrinsic bistability of SRL and the saturable absorption effect occurred in the reverse-biased input waveguide, and a recorded bit-rate of 500Mb/s for alloptical TFFs was achieved [16] . Comparing with the other methods and elements to carry out the all-optical logic gate, the logic units based on SRL have the advantages of compact device structure, low switching energy, high output extinction ratio, and stable operation [15] . As a result, SRL is considered as a potential candidate for constructing large-scale photonic integrated circuits,.
In this paper, InP/AlGaInAs MWQ ring lasers with different cavity structures were designed and fabricated. The experimental results indicated that the fabricated microring lasers have excellent optical bistability. Based on the robust bistable properties and injection locking effect of SRL, an all-optical NOR gate was demonstrated by using one of the monolithic integrated microring lasers. Depending on the expression of XOR function, the alloptical XOR gate can be carried out by two completely symmetrical SRLs.
II. F
CERIZATION OF SRL A commercially available InP/AlGaInAs multiple quantum well (MQW) expitaxial wafer is adopted. The key structural parameters are described in Table I . In this paper, International Conference on Mechatronics, Electronic, Industrial and Control Engineering (MEIC 2014) different structure devices with circular and racetrack shaped resonator were designed and realized [17] . To minimize back-reflection, the bus waveguide has a 10° tilt angle with respect to the cleaved facets. Firstly, the ring laser patterns were created on PMMA with electron-beam lithography. Using magnetically enhanced reactive ion etching (MERIE) system, the PMMA mask was transferred to an underlying SiO 2 layer to provide a hard mask. The InP/AlGaInAs epitaxial wafer was etched by an Oxford Plasmalab inductively coupled plasma (ICP) machine with chlorine, methane and argon process gases [18] . The flow rates as well as the other etching parameters had been optimized. The etch profiles of the parallel waveguide directional coupler was shown in Fig .1 . As seen in this figure, a smooth etched surface and a vertical ridge profile were obtained, making our optimized process well adapted to the realization of shallow etched microring laser. Then, an insulating layer, which was also used for surface planarization, was spun on the wafer after the complete removal of the residual SiO 2 mask. The p-and ntype ohmic contacts were prepared by sputtering Ti/Au metal stack and AuGeNi alloy, respectively. To measure the intensity of counter propagating lasing modes simultaneously, integrated photodetectors (PDs) were fabricated on both ends of the bus waveguide. It's important to note that the PDs can also work as SOA when they are positively biased. The photograph of fabricated ring laser is shown in Fig .2 . The two devices (SRL1 and SRL2) given in Fig .2 have completely symmetrical structure, and the resonator is formed with two semicircular sections with 298 µm radius and two 113 µm long bus waveguide. To characterize the electrical and optical properties of fabricated ring lasers, the photocurrent of lasers was fed to Keithley 4200, and the operation temperature of the tested devices was controlled by a thermal control circuit. A typical current-voltage (I-V) characteristic of the fabricated microring laser diodes was shown in Fig .3 . As seen in the figure, the forward turn-on voltage and reverse breakdown voltage were respectively 0.4V and 10.6V@1µA, which is similar to that of the conventional semiconductor laser diode with Fabry-Perot cavity [19] . The optical bistability between the clockwise (CW) and counterclockwise (CCW) modes was shown in Fig .4 . As we can seen, the tested ring laser (SRL1) has a threshold current of 65 mA, and directly entered into the unidirectional bistability regimes once the driving current exceeded the threshold current. Thus, the driving current and power consumption of bistability operation are reduced greatly, and the fabricated devices are very suitable to the all-optical logic gate and random storage memory. 
III. ALL-OPTICAL XOR GATE
Based on the optical bistability and injection locking effect of SRL, the all-optical logic gate had been implemented by one of the fabricated SRLs. However, due to the limitation of experimental setup and design deviation, the all-optical NOR gate was demonstrated only by using one of the monolithic integrated SRLs (SRL1) in this paper. The simplified schematic of measurement was shown in Fig .5 . The return-to-zero (RZ) format input signal A is generated by a pulse pattern generator and modulates the light from tunable laser (TL1) by Mach-Zehnder modulator (MZM1). To boost the signal power, an erbium-doped fiber amplifier (EDFA1) is inserted in the channel of signal A, and then attenuated by a variable optical attenuator (Att.1) to adjust the power level of signal A injected into the device under test (DUT) via port 1 (P1). The RZ input signal B is generated using the same process as signal A excepted an additional optical delay line (ODL), and injected into the ring laser via port 2 (P2). The ODL is used to match the delay between the two signals A and B. Depending on the signal power, CW or CCW mode of SRL1 was locked, and the output current signal from port 3 (P3) was fed to a oscilloscope (OSC).
In the following experiment, SRL1 was biased at 130 mA in the stable unidirectional operation regime. During the measurement, no biases were applied on the integrated PD1, PD2, and PD4, while the PD3 was biased at -0.5 V, which converts the output light power into photocurrent signal. The power level of signals A and B on both sides of SRL1 were adjust by Att.1 and Att.2 such that signal A has a higher power for logic level "1" than that of signal B, while its "0" power is lower than the "1" power of signal B, but higher than the "0" power of signal B, that is, 1 A >1 B >0 A >0 B . Whatever CW or CCW mode was present in SRL1, the CW mode was activated and injection locked when the signal A has a high power "1". The CW mode of SRL1was held when the two signals had a logic level "0". Only when the signal A has a low power "0", and the signal B has a high power "1" simultaneously, the CW mode was switched to the CCW mode. As a result, SRL1 was alternatively injection locked by signals A and B depending on the power levels. Thus, Boolean function AB  can be obtained from SRL1. Similarly, if we swap the power level of two signals A and B, and inject them into the other monolithic integrated SRL (SRL2) that has a completely symmetrical structure, Boolean function AB  can also be achieved. Therefore, the XOR function can be obtained by a linear superposition of AB  and AB  through a 3dB power combiner. InP/AlGaInAs MQW microring lasers with circular and racetrack shaped structure were designed and fabricated. The experimental results shown that smooth etched surfaces and vertical ridge profiles can be obtained using the optimized etching process. The racetrack shaped laser with a circumference of 2 097 µm has a threshold current of 65 mA, and the device directly entered into the unidirectional bistability regimes once the driving current exceeded the threshold current.
Based on the optical bistability and injection locking effect of SRL, Boolean function AB  was demonstrated by using one of the fabricated microring lasers, and an alloptical XOR gate can be obtained by two completely symmetrical SRLs. The theoretical and experimental results indicate that SRL is a multi-purpose photonic unit [20] that can be used to realize most of the functions required by the photonic integrated circuits.
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